In order to improve the structural design of tubular and lattice towers for wind turbines, and in order to allow for detailed structural optimizations, a methodology is desirable which allows for quick and reliable considerations of the complex dynamic load situations. Whereat for the design of details for the machinery and the blade optimization time domain methods using multi-bodysimulations are well established, their usage is often to extensive due to the needed level of detail to use them for an iterative tower design. Especially with regard to lattice towers, it is therefore desirable to investigate faster stochastic methods which focus on the overall dynamic behavior based on the probability of structural stresses within the tower construction. Lattice structures are difficult to optimize with respect to their shape and topology by manual methods. Therefore, the lattice has been formulated parametrically in order to allow for an automatic update of the geometrical appearance. Both, the positioning of nodes, bracings, trusses and the overall detailing of the lattice are part of the object oriented algorithm. Using both tools, an automatic structural optimization of the geometry of a lattice structure for an onshore wind turbine has been performed. The gained results of the optimized lattice tower are finally compared to a conventional tubular tower. © 2017 The Authors. Published by Elsevier Ltd. Peer-review under responsibility of the organizing committee of EURODYN 2017.
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The structural design of blades and the machinery of wind turbines are nowadays based on detailed transient dynamic calculations using multi-body systems (MBS) -which are doubtless indispensable for the construction of the machinery. But with respect to the design of the supporting structure, i.e. the tower and its foundation, the MBS models are unnecessary complex and the obtained results can therefore often only be taken in a simplified manner. With this load input, the design of the structure is carried out afterwards by means of individual calculations. As the dimensioning of the structural components influences the overall dynamic behavior of the wind turbine with respect to the aeroelastic load components and the inherent dynamic amplifications induced by the rotor, the design has to be iterative. With regard to the number of load cases and the time consumption of MBS simulations the structure is often not fully optimized, due to necessary simplifications.
In the field of wind engineering it is common practice to consider the complex stochastic wind load process on flexible structures by means of stochastic methods. An example of this methodology is the gust response factor approach given in Eurocode 1. Besides this simplified approach which is formulated for a single degree of freedom system, it is also possible to consider arbitrary multi-degree of freedom systems as long as the structural dynamic behavior can be treated linear. With application to wind turbines, this approach enables the necessary description of the correlated multivariate wind field and the formulation of the structural dynamic behavior of the response using complex spectral matrices. The main advantage is the algorithm is the allowance for a quick analysis of the loadresponse chain and to consider the structural interactions between the main components implicitly.
With the presented strategy, a design tool is introduced which especially focusses on the supporting structures of wind turbines taking into account the global dynamic behavior and neglecting machinery details. Due to its faster usability, it might turn out as a useful tool for an optimized design of wind towers and foundations. 
Modeling of stochastic loading and operating states
The concept which is presented in this section is mainly based on the paper [1] . As in the present paper the focus is mainly set on the optimization of lattice structures, in the following section the methodology is only described briefly. The afore cited paper also contains comparisons to transient methods which is neglected here as well.
Wind characteristics
Due to the stochastic character of the fluctuating wind field, a general description succeeds with the power spectral density (PSD). In most standards, the Kaimal spectrum assuming neutral atmospheric stability has been implemented. In order to take into account the spatial variability of wind speeds, it is common to take into account the coherence function which can be interpreted as the correlation measure of different spectra. The formulation of a symmetric gust spectrum neglects phase shifts, which have been reported during on-site measurements. In most cases, this disregardance should be of minor effect on the load formulation. Furthermore, realistic measures for certain locations are not available in the literature.
Aerodynamic admittance
Wind loads on structures are generated due to a variable pressure fields, distributed over the entire surface. The approaching wind field and rather the individual wind vector at a structural point is responsible for the shape of the resulting pressure distribution at the associated structural section. The integrated pressure distribution leads to the instantaneous wind forces. With respect to line-like structures like the tower structure and the blades of wind turbines, it is common to define aerodynamic force coefficients, which can be interpreted as the integral directional wind forces, related to the approaching velocity pressure and normalized to a geometrical measure. The force coefficients are denoted as cD, cL and cM, related to the drag, lift and moment forces and oriented to a wind-fixed coordinate system.
The force coefficients for all blade profiles have been calculated for various Reynolds numbers and angles of attack with the software QBlade [2] using the outer shape polygons. As the force admittance depends on the actual aerodynamic angle of attack αA and the Reynolds number Re, the values are interpolated appropriately.
For simple cases it is sufficient to formulate a stationary admittance approach, meaning that the time variability does not affect the resulting forces. Actually, with increasing frequency of force attack, the resulting force amplitudes are decreasing, as the spatial extent of the wind gusts are decreasing and consequently the correlation measure decreases as well. This effect is denoted as instationary aerodynamic admittance and considered by the coherence relation.
Due to the possible large vibrations, especially of the turbine blades, aeroelastic effects become relevant. In time based calculations it is possible to use the time related relative wind speeds to obtain a realistic aerodynamic damping behavior. Alternatively and suitable for usage with spectral methods, an analytical expression Kühn [3] can be used:
Equation (1) is based on stationary rotor aerodynamics and considers some simplifications concerning the tip speed ratio. Blades of wind turbines are specially designed with respect to the rotor diameter and the expected wind speed distribution on sited. In this paper the aerodynamic blade properties are taken in dependence on the NREL 5-MW Reference Wind Turbine [4] . In the present study, the aerodynamic coefficients for the blade profile sections have been computed with QBlade [2] for various angles of attack αA and for different Reynolds numbers Re. In Figure 1 , some exemplary force coefficients for two blade sections are illustrated. For the computation, the blades have been discretized in 17 sections, the loads are induced at 16 aerodynamic nodes. For later calculations, the discretization can be simply increased. The aerodynamic properties of turbine blades dependent on the angle of attack α and the Reynolds number Re. The presented stochastic computation method has been implemented in Matlab. The code automatically assigns the appropriate aerodynamic coefficients to the aerodynamic blade sections, dependent on the angle of attack and the current Reynolds number, which is computed based on the individual chord lengths and the mean nodal wind velocity.
Structural admittance
Both, blades and tower have been modeled elastically with realistic bending stiffness. However, occurring aeroelastic effects have been neglected in this first setup. The chosen approach allows for a direct computation of the stationary and instationary rotor loading using the coherence matrix of wind forces at the aerodynamic nodes of the blades. The stiffness matrix K has been set up based on three-dimensional beam elements with the full set of 12 DOF per element. With the prepared algorithm within Matlab, the discretization density of the tower and blade structure can be adjusted individually. Within the dynamic computations, the lattice tower has been considered with its stiffness and mass matrix.
The complex spectral admittance function H(f) of a system includes the complete structural information, including element wise damping and single damping elements (in contrast to the modal analysis concept).
Structural response of the stopped turbine
Based on the turbulent wind field, the aerodynamic and the mechanical admittance, the stationary and instationary responses of the stopped can be calculated using a multivariate stochastic approach. The spectral density matrix can be computed as follows:
The spectral density of the wind loading in this study only comprises the drag load, which is most decisive for the structural design of the supporting tower.
The usage of a stochastic computation method allows for a full set of all statistically relevant response measures. All results are available within the resulting density matrix of structural deflections SRR(f). Based on the mechanical admittance of the structural system, the corresponding frequencies of occurrence of inner forces and stresses can be obtained.
The calculations have been made for Nf=500 frequency steps with a logarithmic spacing between f=0.01 Hz and 10 Hz. The algorithm allows the computation of arbitrary rotor positions Ω and pitch angles Θ of operating states. More details of the used algorithm can be found in [1] 
Consideration of operational states
A special challenge is the consideration of the operational states in the stochastic algorithm. The influence of the blade rotation is determined based on calculations for different rotor angles Ω. Dependent on the rotation, the single blade elements are loaded variably due to the changing average wind velocities and turbulence contents with height. In Figure 3 , the resulting tip displacement is plotted over the rotation angle Ω. Due to the consideration of three blades, the relative variability of the out of plane displacement at the top of the tower is much less. However, the periodic load distribution is vulnerable when tower Eigenfrequencies are affected. As the stiffness of the tower support varies dependent on the rotational position, the admittance function is not unique with respect to Ω.
Dependent on the load variability and the angular speed, the periodic load contribution can be calculated. In consequence, a modified stochastic load case is generated which can be superimposed with the load set of a stationary rotor.
Concept of a parameterized lattice tower
The automatic generation of the complex lattice tower geometry is based on different (lattice-)subtypes which are placed on top of each other. Each subtype can be varied by different heights, widths, inclinations, profiles, steel grades etc.. In Figure 2 , the concept and the used subtypes are shown. By adding horizontal bracing, each subtype can subdivided into further subtypes; this is described as 'detailing'. Thus, theoretically an infinite number of different truss elements with a great geometric variation can be generated. By using an optimized structural design routine, it is possible to create highly cost efficient towers.
Optimization
To create cost efficient truss towers a numerical optimization routine is developed by using an object-orientated computer language. For a variation of subtype-heights and subtype-widths the routine generates Finite-ElementModels of all possible combinations and automatic assign the loads due to turbine 5MW NREL at the top of the tower. Using numerical FE-methods, the tower response is calculated for each subtype. The so determined initial forces are used to perform the design for all truss elements according to Eurocode 3 [5] . Taking into account standardized crosssections shapes will lead to a number of possible beams that meet the conditions given in Eurocode 3. In a last step, the cost per height of each subtype with all possible elements can be determined. This procedure has to be repeated for every load case.
In the present paper, a lattice tower for loads due to the turbine 5MW NREL has been generate using following parameter:
 tower height: 90 m  possible subtype heights: 3 m -7 m  subtype width: 7 m  number of loadcases: 12 (top of tower incl. self-weight)  possible cross-sections: all standardized CHS profile
Results
Since the dynamic response at the top of the tower is decisive for the design of the structure, the resulting out-ofplane displacements are estimated for different mean wind speed at hub height for both towers: vHub = 9 m/s, vHub = 14 m/s, vHub = 18 m/s and vHub = 27.5 m/s. The obtained results are presented as power spectral densities plotted over the rotation angle (see fig. 4 and fig. 5 ). For the analyzed structures it has been found that the out-of-plane deflection at the top of lattice towers is less than at the top of cylindrical towers. 
Conclusion
The multivariate stochastic approach is generally able to predict the tower response of cylindrical and lattice towers. The main goal of a quick calculation method has been reached -the subsequent optimization of the lattice structure already takes benefit from this result. Hence, the combination of the described optimization routine for lattice towers and the stochastic optimization routine turned out as a helpful tool. However, it has not been analyzed yet in detail to which extend the present differences between the stochastic approach and a transient calculation have an impact on the fatigue endurance behavior of the structure. This is an important work in our ongoing project.
